Summary Apoptosis and necrosis are two different forms of cell death that can be induced by cytotoxic stress, such as ionizing radiation. We have studied the importance of apoptotic death induced after treatment with 6 Gy of y-irradiation in a panel of eight human tumour cell lines of different radiosensiteis. Three different techniques based on the detection of DNA fragmentation have been used, a qualitative one -DNA ladder fornation -and two quanttative approaches -in situ tailing and comet assay. No statistically significant relationship between the two quantitative assays was found (r = 0.327, P = 0.159) so these methods seem to show different aspects of the process of cell death. The presence of the DNA ladder related well to the end-labelling method in that the least amount of end labelling was seen in samples in which necrotic degradation rather than apoptotic ladders were seen. However, as the results obtained by the cornet assay are not in agreement with the DNA ladder experinents, we suggest that the distinction between the degraded DNA produced by apoptosis and necrosis may be difficult by this technique. Finally, athugh apoptosis has been proposed to be depeKdent on p53 functionality, and this may explain differences in cellular radiosensitivity, no statistically significant relationship was found between these parameters and apoptosis in the eight cell lines studied.
Cell homeostasis is regulated by a balance between proliferation. growth arrest and cell death. Until recently. studies on oncogenesis have focused on the regulation of cell proliferation (Stanbndge and Nowell. 1990 ). however it is now clear that our view of neoplasia should include the concepts of regulation of growth arrest and cell death .
Two different forms of cell death have been described. apoptosis and necrosis. which can be distinguished by the distinctive changes that take place within the affected cells. Necrosis is a pathological form of cell death usually caused by an acute cellular injury: it is typified by irregular clumping of chromatin without significant change in its distribution, rapid cell swelling and lysis. In contrast. apoptosis is characterized by the early activation of endogenous proteases leading to cytoskeletal disruption. cell shrinkage. membrane blebbing and by the degradation of the DNA into fragments the size of oligonucleosomes.
Although both modalities can be induced by cytotoxic stress.
there are several cellular factors that determine the nature of growth arrest and the type of cellular death in response to ionizing radiation. Among them, the tumour-suppressor protein. p53. is known to be essential for apoptosis after y-irradiation (Lowe et al. 1993 : Merrit et al. 1994 . Arai et al, 1996 . and its normal wild-type protein product can act to block the progression or the survival of cells that have sustained genetic damage. These events promoted by the p53 pathway avoid the rise of pools of aberrant surviving cells and seem to be indicative of a good therapeutic response to radiation or chemotherapeutic drugs in some tumour types (Roth et al. 1996) . For example. we have previously examined the relationship between p53 status and radiosensitivity in eight human tumour cell lines that differed widely in their clonogenic survival after radiation. Our conclusion was that the constitutive p53 levels.
G, arrest after irradiation or the p53 protein response to radiation may be good predictive tests for radiosensitivity in some cells (Siles et al. 1996) . The main aim of the present study was to analyse the importance of apoptotic death after cellular irradiation and its relationship with p53 functionality and radiosensitivity in these human tumour cell lines.
MATERIALS AND METHODS Cell culture and radiation treatment
Eight human tumour cell lines have been studied in this work. They all have been described previously (Siles et al. 1996) . Six of them were derived from human breast cancer (MCF-7 clones BB. BUS and GS. T47D. EVSA-T. MDA MB-231). RT112 from a human bladder carcinoma and D283MED is a human medulloblastoma cell line. This set of cells has been divided into two groups depending on the functionality of p53 protein assessed after irradiation: MCF-7 BUS. MCF-7 GS and D283MED with functional p53 protein and RT112. MDA MB 231. MCF-7 BB. EVSA-T and T47D with non-functional p53 protein.
Cell lines were grown in 10% fetal bovine serum-supplemented Dulbecco's modified Eagle medium (FBS-DMEM) (PAALaboratories. Linz. Austria) with penicillin (100 U ml-') and streptomycin (0.1 mg ml-'). Cells were incubated at 370C in a humidified atmosphere of 5%r carbon dioxide/95% air. Tinme ( 
RESULTS

Loss of cellular adherence
The quantification of the cells floating in the medium at different times after irradiation with a sinrle dose has been used as an indicator of cell death by apoptosis (Ling et al. 1994) . (Siles et al, 1996) . r = correlaton coefficient obtained by mears squares method. P = P-value.
the adherent cells ( Analysis by comet assay of the apoptotic death induced after y4rradiation
Using the comet assay. the level of spontaneous apoptosis was found to range from 0.5% to 5% in the different cell lines. but there was no consistent increase in these proportions during the course of the experiment.
In treated flasks. the fraction of cells measured by the comet assay showing changes compatible with apoptosis are given in Table 2 for the adherent population. The proportion of apoptotic cells reached maximum values 12 h after irradiation in MCF-7 BUS and MDA MB 231. or 36 h after irradiation in D283MED and RT112 and decreased with time. In the other four cell lines studied, the values were again higher than those obtained by the end-labelling method.
The apoptosis in the floating population (Table 2B) 
DNA gel eectrophoresis
Apoptosis is usually accompained by double-strand cleavage of nuclear DNA at the linker regions between nucleosomes. DNA electrophoresis has been widely used for identification of this process. and the development of the so-called 'ladder in agarose gels has come to be regarded as a biochemical hallmark of the process. In our previous work (Siles et al. 1996) . we have assessed apoptosis 24 and 48 h after treatment with 6 Gy in the eight cell lines studied. and assigned one of the three possible scores to each. MCF-7 BUS. MCF-7 GS and D283MED were classified as positive: class (+). clear appearance of oligonucleosomal fragments; lines RT-112 and EVSA-T showed a trace amount of DNA ladder fonnation: class (±): and lines MDA MB-231. MCF-7 BB and T47D were negative: class (-), smear pattern (Figure 3 ).
DISCUSSION
We have previously assessed p53 functionality through GI arrest. p53 induction after irradiation and indirectly through the measure of the constitutive p53 protein levels in this same panel of human tumour cell lines (Siles et al. 1996) . The comparison of the data obtained and the intrinsic cellular radiosensitivity (SF2) documented a close overall correlation between p53 functionality and Britsh Journal of Cancer (1998) 78(12) , [1594] [1595] [1596] [1597] [1598] [1599] 6 > the cellular response to ionizing radiation. Apoptotic cell death has been described as a possible explanation of the link between SF2 and p53 functionality, and this was the subject of this study.
Before addressing this question. we are in a position to compare the results obtained with four different methods that have been used to detect and in some way quantify apoptosis. We have applied three methods based on the detection of DNA fragmentation: in situ tailing,. the comet assay and DNA ladder formation.
The fourth approach to the measurement of apoptosis was the counting of the floating population. Each method has been applied at a sequence of times after cell treatment. In situ tailing identifies apoptotic cells through the use of a terminal transferase which catalyses the addition of deoxyribonucleotide triphosphate to the 3'-hydroxy ends of double-or single-stranded DNA. This method has been reported to correlate well with the typical morphology of apoptosis (Gold et al. 1994 ). The single-cell gel electrophoresis or comet assay is a simple. rapid and inexpensive method for DNA strand break detection in individual cells. Because apoptosis is characterized by extensive DNA cleavage. this assay has proved useful in detecting apoptotic cells as those in which only a small amount of DNA stays in the original position of the nucleus (Olive et al. 1993 . Roselli et al. 1995 .
According to previous reports. performing the comet assay usinga either alkali or neutral lysis methods produces similar results (Olive et al. 1993) . We have used the neutral method to identify apoptotic comets.
In this work. whereas no more than 12% were considered positive by in situ tailing. In contrast. MCF-7 GS cells showed 95% of apoptosis by in situ tailing and 57.3%7 by comet assay. These results are carried into the comparison of apoptosis in the total cell population in which again no relationship was found between the assays (r = 0.327. P = 0.159). We therefore conclude that each of the methods shows different aspects of the process of cell death.
The presence of DNA ladders. a common measure of apoptosis.
is compared with the comet and end-labelling methods in Figure 4 . In terms of a potential relationship between the frequency of apoptosis and the level of GU arrest. p53 constitutive levels and p53 inducibility (data published previously. Siles et al. 1996) . there was no significant correlation with the values obtained by either the comet or end-labelling methods (Table 3 ). In addition. if we consider those cell lines that seemed to have an intact p53 response to damage (D283MED. MCF-7 GS and MCF-7 BUS). we detected a range of apoptotic responses. They all showed evidence of apoptosis in all end points. However. in the comet and end-labelling experiments. MCF-7 BUS showed no more apoptosis than other cell lines that lacked p53 function. These findings are carried across into a lack of a relationship between the amount of apoptosis and radiosensitivity (Table 3) .
The induction of apoptosis after some forms of DNA damage has been described by different authors to be wild-type p53 dependent (Lowe et al. 1993 : Yonish-Rouach et al. 1993 : Clarke et al. 1994 : Arai et al. 1996 . We have previously reported a close relationship between cellular radiosensitivity and p53 functionality. determined by the constitutive p53 levels. the G1 arrest after irradiation or the p53 protein response to radiation. However. results presented here do not indicate a link between the incidence of apoptosis in the cell lines studied and either p53 functionality or cell survival after irradiation. which is consistent with some studies in other cell systems (e.g. Radford. 1994 : Strasser et al. 1994 : Bracey et al. 1995 : Malcomson et al. 1995 . Although the most radiosensitive cell line used in this study. D283MED. tumed out to be the most apoptotic. its apoptotic index was not large enough to explain the full level of cell killing identified in the clonogenic assay. Thus. the suggestion that it may be incorrect to make predictions about radiosensitivity or chemosensitivity of cells based only on knowledge of their mode of cell death (Aldridge et al. 1995: Yin and Schimke. 1995 ) is supported by the data presented here. Apoptosis is obviously an important process in biology. but in tumour cells. in which the normal inter-relationship of cell proliferation and cell death is upset by a variety of means. it seems that a single mode of cell death cannot uniquely define the cellular response to DNA damage.
*Apoptosis y Cancer de mama: estudio clinico-experimental de moleculas relacionadas con los mecanismos de la resistencia a la terapeutica. 
